Phosphorylation sites of sepiapterin reductase (S? R) phosphorylated by Ca 2 +-dependent protein kinase II (CaM KII) were studied. By immunoreaction agains t phosphorylated amino acids, we found that Ser residues of SPR were phosphorylated. We constructed severa l point mutants of SPR by site-directed mutagenesis and expressed then in E. coli. In assays with anti-phospho Ser antibody, we determined that each of the three Ser residues, S46, S 196, and S214, of SPR was phosphorylated by CaM KIl. Each of these serine residues in SPR was found in a CaM KII phosphorylation site sequelce (Arg-X-X-Ser/Thr).
Introduction
Sepiapterin reductase (SPR) is essential fo r tetrahydrobiopterin (BH4) biosynthesis by catalyzing the last step of the synthesis, and is important for controlling the level of BH4 in tissues. Recently, we found SPR to be phosphorylated by Ca 2 +-activated protein kinases, such as Ca 2 +/calmodulin-dependent protein kinase il (CaM KII) and protein kinase C (1), and thereafter found the cleavage of SPR by Ca 2 +-activated protease to be controlled by phosphorylation of SPR by Ca 2 + -dependent protein kinase (2) . Thus SPR activity might be controlled by calcium ions through phosphorylation and proteolysis to regulate the amounts of neurotransmitters produced. In this study, we determined the sites in rat SPR phosphorylated by CaM KII.
Materials and Methods
A clone encoding rat SPR was amplified by the polymerase chain reaction (PCR). Amplified rat SPR cDNA was ligated into pTrxFus expression vector (3). For determining the phosphorylation sites used by CaM KII, we cleaved phosphorylated SPR with endoprotease Lys-C and separated the peptides by HPLC. Site-directed mutants were constructed by use of a QuikChange™ site-directed mutagenesis kit. The double point mutants and a triple point mutant were constructed by performing PCR twice and three times, respectively. Wild-type and mutated SPRs were phosphorylated in phosphorylating system of CaM KII (1). After SOS-PAGE, proteins were transferred to a PVDF membrane. For visualization of the immunoreactive proteins by anti-phospho Ser/Thr antibody, the membrane was incubated in an enhanced chemiluminesence reaction mixture, and the excited membrane was then exposed to X-ray film.
Results and Discussion \Ve succeeded in expressing recombinant rat SPR in E. coli. The SPR fusion protein showed values of Km and Vmax for sepiapterin and NADPH similar to those of native SPR. The recombinant SPR was specifically phosphorylated by CaM KII, and Ser residue(s) was phosphorylated (Figure 1 ). For determining the phosphorylation sites used by CaM KII, we cleaved phosphorylated SPR with endoprotease Lys-C. Purified phosphorylated peptides were applied to a gas-phase protein sequencer. A consensus motif (X-Arg-X-X-Ser*IThr* , asterisks indicate the phosphorylated residue) recognized by CaM KII was demonstrated earlier (4) .
Three of these motifs, involving S46, S 196, and S214, were included in the amino acid sequences of the phosphorylated peptides, suggesting that these three Ser residues were phosphorylated by CaM KII. To prove that these Ser residues were phosphorylated by CaM KII, we prepared mutant SPRs (A46A196A214, S46A196A214, A46S196A214, and A46AI96S214), having Ser changed to Ala, by sitedirected mutagenesis, and purified the expressed mutant SPRs by ammonium sulfate fractionation and affinity chromatography. As a result, the mutants (S46A196A214, A46S196A214, and A46A196S2! :') were phosphorylated by CaM KII, Gut the A46A 196A214 mutant was not phosphf'::-ylated at all (Figure 2 ). This result shows that each of the three Ser residues was phosphorylated by CaM KIT. Figure I . Phosphorylation of SPR by CaM KII. Wildtype SPR phosphorylated by CaM KII was subjected to SDS-PAGE and <:;\ ectroblotted onto a PVDF membrane. Phosphorylated amino acids were immunostained with anti-phospho Ser/Thr antibody. The Km and kcat values of phosphorylated SPR for sepiapterin and NADPH were similar to those of the triple point mutant SPR (A46A 196A214, data not showu). As well as SPR, dihydropteridine reductase { 1,2), tyrosine hydroxylase (5), and nitric oxide synthase (6) are also phosphorylated by CaM KII and/or protein kinase C. The cleavage of SPR by Ca 2 +-activated protease is controlled by phosphorylation by Ca 2 + -dependent protein kinase (2,7). These results suggest that phosphorylation of SPR may have an effect on the susceptibility of the enzyme to proteases, such as Ca 2 + -activated protease, rather than one on the activity of SPR itself.
